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            Abstract
Mutations that deregulate Notch1 and Ras/phosphoinositide 3 kinase (PI3K)/Akt signalling are prevalent in T-cell acute lymphoblastic leukaemia (T-ALL), and often coexist. Here we show that the PI3K inhibitor GDC-0941 is active against primary T-ALLs from wild-type and KrasG12D mice, and addition of the MEK inhibitor PD0325901 increases its efficacy. Mice invariably relapsed after treatment with drug-resistant clones, most of which unexpectedly had reduced levels of activated Notch1 protein, downregulated many Notch1 target genes, and exhibited cross-resistance to γ-secretase inhibitors. Multiple resistant primary T-ALLs that emerged in vivo did not contain somatic Notch1 mutations present in the parental leukaemia. Importantly, resistant clones upregulated PI3K signalling. Consistent with these data, inhibiting Notch1 activated the PI3K pathway, providing a likely mechanism for selection against oncogenic Notch1 signalling. These studies validate PI3K as a therapeutic target in T-ALL and raise the unexpected possibility that dual inhibition of PI3K and Notch1 signalling could promote drug resistance in T-ALL.
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                    Figure 1: GDC-0941-resistant T-ALL lines downregulate NICD and increase pAkt.[image: ]


Figure 2: Responses to targeted agents and clonal evolution.[image: ]


Figure 3: Resistant T-ALLs have impaired Notch1 signalling and are resistant to compound E.[image: ]


Figure 4: Notch1 modulates PI3K signalling and GDC-0941 sensitivity.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Therapeutic targeting of the E3 ubiquitin ligase SKP2 in T-ALL
                                        
                                    

                                    
                                        Article
                                         Open access
                                         26 November 2019
                                    

                                

                                Sonia Rodriguez, Christina Abundis, … Nadia Carlesso

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        NRARP displays either pro- or anti-tumoral roles in T-cell acute lymphoblastic leukemia depending on Notch and Wnt signaling
                                        
                                    

                                    
                                        Article
                                         Open access
                                         04 October 2019
                                    

                                

                                Inês Pinto, Mafalda Duque, … Rita Fragoso

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Targeting the NOTCH1-MYC-CD44 axis in leukemia-initiating cells in T-ALL
                                        
                                    

                                    
                                        Article
                                         Open access
                                         16 February 2022
                                    

                                

                                Sujan Piya, Yaling Yang, … Gautam Borthakur

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Accession codes

              
              
                Primary accessions

                
                  Gene Expression Omnibus
	
                    
                        GSE48260
                      

                  


                
              
              
                Data deposits

                Expression profiling data have been deposited in the Gene Expression Omnibus under accession number GSE48260.

              
            

References
	Aster, J. C., Blacklow, S. C. & Pear, W. S. Notch signalling in T-cell lymphoblastic leukaemia/lymphoma and other haematological malignancies. J. Pathol. 223, 263–274 (2011)
Article 
    
                    Google Scholar 
                

	Gutierrez, A. et al. High frequency of PTEN, PI3K, and AKT abnormalities in T-cell acute lymphoblastic leukemia. Blood 114, 647–650 (2009)
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Tosello, V. & Ferrando, A. A. The NOTCH signaling pathway: role in the pathogenesis of T-cell acute lymphoblastic leukemia and implication for therapy. Ther. Adv. Hematol. 4, 199–210 (2013)
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Blackburn, J. S. et al. Clonal evolution enhances leukemia-propagating cell frequency in T cell acute lymphoblastic leukemia through Akt/mTORC1 pathway activation. Cancer Cell 25, 366–378 (2014)
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Piovan, E. et al. Direct reversal of glucocorticoid resistance by AKT inhibition in acute lymphoblastic leukemia. Cancer Cell 24, 766–776 (2013)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Palomero, T. et al. Mutational loss of PTEN induces resistance to NOTCH1 inhibition in T-cell leukemia. Nature Med. 13, 1203–1210 (2007)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Trinquand, A. et al. Toward a NOTCH1/FBXW7/RAS/PTEN-based oncogenetic risk classification of adult T-cell acute lymphoblastic leukemia: a Group for Research in Adult Acute Lymphoblastic Leukemia study. J. Clin. Oncol. 31, 4333–4342 (2013)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Jotta, P. Y. et al. Negative prognostic impact of PTEN mutation in pediatric T-cell acute lymphoblastic leukemia. Leukemia 24, 239–242 (2010)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Clappier, E. et al. Clonal selection in xenografted human T cell acute lymphoblastic leukemia recapitulates gain of malignancy at relapse. J. Exp. Med. 208, 653–661 (2011)
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Folkes, A. J. et al. The identification of 2-(1H-indazol-4-yl)-6-(4-methanesulfonyl-piperazin-1-ylmethyl)-4-morpholin-4-yl-t hieno[3,2-d]pyrimidine (GDC-0941) as a potent, selective, orally bioavailable inhibitor of class I PI3 kinase for the treatment of cancer. J. Med. Chem. 51, 5522–5532 (2008)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Dail, M. et al. Mutant Ikzf1, KrasG12D, and Notch1 cooperate in T lineage leukemogenesis and modulate responses to targeted agents. Proc. Natl Acad. Sci. USA 107, 5106–5111 (2010)
Article 
    CAS 
    ADS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Shieh, A. et al. Defective K-Ras oncoproteins overcome impaired effector activation to initiate leukemia in vivo . Blood (2013)

	Lauchle, J. O. et al. Response and resistance to MEK inhibition in leukaemias initiated by hyperactive Ras. Nature 461, 411–414 (2009)
Article 
    CAS 
    ADS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Sos, M. L. et al. Identifying genotype-dependent efficacy of single and combined PI3K- and MAPK-pathway inhibition in cancer. Proc. Natl Acad. Sci. USA 106, 18351–18356 (2009)
Article 
    CAS 
    ADS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Brown, A. P., Carlson, T. C., Loi, C. M. & Graziano, M. J. Pharmacodynamic and toxicokinetic evaluation of the novel MEK inhibitor, PD0325901, in the rat following oral and intravenous administration. Cancer Chemother. Pharmacol. 59, 671–679 (2007)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Wendorff, A. A. et al. Hes1 is a critical but context-dependent mediator of canonical Notch signaling in lymphocyte development and transformation. Immunity 33, 671–684 (2010)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Mansour, M. R. et al. Notch-1 mutations are secondary events in some patients with T-cell acute lymphoblastic leukemia. Clin. Cancer Res. 13, 6964–6969 (2007)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Mullighan, C. G. et al. Genomic analysis of the clonal origins of relapsed acute lymphoblastic leukemia. Science 322, 1377–1380 (2008)
Article 
    CAS 
    ADS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Corcoran, R. B., Settleman, J. & Engelman, J. A. Potential therapeutic strategies to overcome acquired resistance to BRAF or MEK inhibitors in BRAF mutant cancers. Oncotarget 2, 336–346 (2011)
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Hales, E. C., Orr, S. M., Larson Gedman, A., Taub, J. W. & Matherly, L. H. Notch1 regulates AKT activation loop (Thr308) dephosphorylation through modulation of the PP2A phosphatase in PTEN-null T-cell acute lymphoblastic leukemia cells. J. Biol. Chem. 288, 22836–22848 (2013)
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Gutierrez, A. et al. Pten mediates Myc oncogene dependence in a conditional zebrafish model of T cell acute lymphoblastic leukemia. J. Exp. Med. 208, 1595–1603 (2011)
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Aster, J. C. & Blacklow, S. C. Targeting the Notch pathway: twists and turns on the road to rational therapeutics. J. Clin. Oncol. 30, 2418–2420 (2012)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Zhang, J. et al. The genetic basis of early T-cell precursor acute lymphoblastic leukaemia. Nature 481, 157–163 (2012)
Article 
    CAS 
    ADS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Tzoneva, G. et al. Activating mutations in the NT5C2 nucleotidase gene drive chemotherapy resistance in relapsed ALL. Nature Med. 19, 368–371 (2013)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Gutierrez, A. & Look, A. T. NOTCH and PI3K-AKT pathways intertwined. Cancer Cell 12, 411–413 (2007)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Lobry, C., Oh, P. & Aifantis, I. Oncogenic and tumor suppressor functions of Notch in cancer: it’s NOTCH what you think. J. Exp. Med. 208, 1931–1935 (2011)
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Zuber, J. et al. An integrated approach to dissecting oncogene addiction implicates a Myb-coordinated self-renewal program as essential for leukemia maintenance. Genes Dev. 25, 1628–1640 (2011)
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Hawley, R. G., Lieu, F. H., Fong, A. Z. & Hawley, T. S. Versatile retroviral vectors for potential use in gene therapy. Gene Ther. 1, 136–138 (1994)
CAS 
    PubMed 
    
                    Google Scholar 
                

	Aster, J. C. et al. Oncogenic forms of NOTCH1 lacking either the primary binding site for RBP-Jκ or nuclear localization sequences retain the ability to associate with RBP-Jκ and activate transcription. J. Biol. Chem. 272, 11336–11343 (1997)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Weng, A. P. et al. Growth suppression of pre-T acute lymphoblastic leukemia cells by inhibition of notch signaling. Mol. Cell. Biol. 23, 655–664 (2003)
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Maillard, I. et al. Mastermind critically regulates Notch-mediated lymphoid cell fate decisions. Blood 104, 1696–1702 (2004)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Kent, W. J. BLAT—the BLAST-like alignment tool. Genome Res. 12, 656–664 (2002)
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Gentleman, R. C. et al. Bioconductor: open software development for computational biology and bioinformatics. Genome Biol. 5, R80 (2004)
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                


Download references




Acknowledgements
This work was supported by grants from the William Lawrence and Blanche Hughes Foundation to J.C.A. and K.S.; by Specialized Center of Research (SCOR) awards 7019 and 7703 from the Leukaemia and Lymphoma Society of America; by National Institutes of Health grants R37 CA72614 and R01 CA180037 (to K.S.), K99 CA157950 (to M.D.), K08 CA134649 (to Q.L.) and P01 CA119070 (to J.C.A. and W.S.P.), and by the ALSAC of St. Jude Children’s Research Hospital (J.R.D.). K.A. is supported by the Ohio Supercomputer Center (#PAS0425) and is an Ohio Cancer Research Associate (#GRT00024299); and J.X received a Research Fellowship from the American Cancer Society (ACS). K.S. is an ACS Research Professor. We are grateful to T. Jacks and D. Tuveson for KrasG12D mice; to L. Wolff for the MOL4070 virus; and to D. Largaespada and G. Narla for sharing their advice and expertise.


Author information
Authors and Affiliations
	Department of Pediatrics and Benniof Children’s Hospital, University of California, San Francisco, 94143, California, USA
Monique Dail, Jason Wong, Jessica Lawrence, Daniel O’Connor, Jin Xu & Kevin Shannon

	Department of Pathology, St Jude Children’s Research Hospital, Memphis, 38105, Tennessee, USA
Joy Nakitandwe, Shann-Ching Chen & James R. Downing

	Department of Translational Oncology, Genentech Inc., South San Francisco, 94080, California, USA
Leslie B. Lee & Deepak Sampath

	Department of Molecular Virology, Immunology and Medical Genetics, Ohio State University, Columbus, 43210, Ohio, USA
Keiko Akagi

	Division of Haematology/Oncology, Department of Medicine, University of Michigan, Ann Arbor, 48109, Michigan, USA
Qing Li

	Department of Pathology, Brigham & Women’s Hospital, Harvard Medical School, Boston, 02115, Massachusetts, USA
Jon C. Aster

	Abramson Family Cancer Research Institute and the Department of Pathology and Laboratory Medicine, Perelman School of Medicine, University of Pennsylvania, Philadelphia, 19104, Pennsylvania, USA
Warren S. Pear


Authors	Monique DailView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jason WongView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jessica LawrenceView author publications
You can also search for this author in
                        PubMed Google Scholar



	Daniel O’ConnorView author publications
You can also search for this author in
                        PubMed Google Scholar



	Joy NakitandweView author publications
You can also search for this author in
                        PubMed Google Scholar



	Shann-Ching ChenView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jin XuView author publications
You can also search for this author in
                        PubMed Google Scholar



	Leslie B. LeeView author publications
You can also search for this author in
                        PubMed Google Scholar



	Keiko AkagiView author publications
You can also search for this author in
                        PubMed Google Scholar



	Qing LiView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jon C. AsterView author publications
You can also search for this author in
                        PubMed Google Scholar



	Warren S. PearView author publications
You can also search for this author in
                        PubMed Google Scholar



	James R. DowningView author publications
You can also search for this author in
                        PubMed Google Scholar



	Deepak SampathView author publications
You can also search for this author in
                        PubMed Google Scholar



	Kevin ShannonView author publications
You can also search for this author in
                        PubMed Google Scholar





Contributions
M.D., J.R.D., D.S. and K.S. designed experiments and analysed the data. M.D., J.W., J.L., D.O’C., J.N. and L.B.L. performed experiments. S.-C.C. and K.A. provided bioinformatics analysis. J.X., J.C.A., W.S.P., Q.L. and D.S. provided reagents. J.C.A., W.S.P., J.R.D. and D.S. provided conceptual advice. M.D. and K.S. wrote the manuscript.
Corresponding author
Correspondence to
                Kevin Shannon.


Ethics declarations

              
                Competing interests

                D.S. and L.B.L. are fulltime employees of Genentech Inc.

              
            

Extended data figures and tables

Extended Data Figure 1 Generation of primary T-ALLs and preclinical trial design.
a, Neonatal KrasWT and Mx1-cre, LSL-KrasG12D mice that were injected with the MOL4070LTR retrovirus at birth were observed until death as described previously5. Half of KrasWT T-ALLs harbour Notch1 mutations. KrasG12D expression was induced at age 21 days in Mx1-cre, LSL-KrasG12D mice, and they died from an aggressive myeloproliferative neoplasm around 90 days of age. Bone marrow harvested at the time of death induced T-ALL when transferred into sublethally irradiated recipient mice. All of these KrasG12D T-ALLs harbour Notch1 mutations that are acquired post-transplant. See also ref. 11. b, Primary leukaemias are first expanded in vivo (factory mouse), and are then transplanted into multiple recipient mice of identical strain background. These mice are then randomly assigned to treatment with vehicle (control arm) or experimental drugs (GDC-0941 or GDC-0941 plus PD901). c, Overview of GDC-0941 plus PD901 treatment regimen. Mice were transplanted at day zero and started treatment on day 4. GDC-0941 was administered daily at a dose of 100 mg kg−1 (blue bar), and PD901 (5 mg kg−1 day−1) was cycled 4 days on and 3 days off each week (red boxes). Treatment was continued for 8 weeks or until death.


Extended Data Figure 2 Proliferation of parental and resistant E2 T-ALL cells and primary leukaemias.
a, E2 cells were plated in DMSO or 1 μM GDC-0941 for 16 h, labelled with 10 μM BrdU for 90 min, then analysed for BrdU incorporation and DNA content (7-AAD) by flow cytometry. The parental E2 line demonstrates a ∼90% reduction (from 53.4 to 5.8%) in BrdU-positive cells at this concentration of GDC-0941, while resistant lines (E2-R3 and E2-R5) continue to proliferate robustly. b, Recipient mice engrafted with T-ALL JW81 parental and resistant clones were treated with GDC-0941 and injected with BrdU. in vivo treatment of these primary T-ALLs reduced the percentage of proliferating cells in the parental leukaemia by ∼50% (from 20% to 11.1%), but had minimal effects on the two drug-resistant clones.


Extended Data Figure 3 Pharmacokinetics and pharmacodynamics of GDC-0941.
a, Plasma concentration of GDC-0941 after a single dose in sv129/Blk6 F1 (FVB) mice and nu/nu mice (control). Each time point represents three mice and error bars show the s.e.m. b, Levels of Akt phosphorylation (pAkt) on serine 473 normalized to total Akt in murine bone marrow cells exposed to GDC-0941 ex vivo for 15 min before stimulation with 10 ng ml−1 GM-CSF. The inhibitory concentration at which is reduced by 90% (IC90) for GDC-0941 is ∼100 nM. Error bars show s.d. of three technical replicates.


Extended Data Figure 4 Resistant T-ALLs retain the same immunophenotypes as the corresponding parental leukaemias.
Flow cytometric analysis of leukaemia cells demonstrates identical patterns of CD4 and CD8 in parental and resistant leukaemias (n = 4). Duplicates represent different transplant recipients.


Extended Data Figure 5 GDC-0941-resistant leukaemias that emerge in vivo are cross-resistant to compound E.
a, Western blot analysis of six resistant clones (R1–R6) isolated at death from recipients that were transplanted with T-ALL 2M and treated. Note that the resistant T-ALLs R1–R3 and R5 have lost or markedly downregulated NICD and Myc expression. Each lane contains bone marrow lysate isolated from an independent recipient of the indicated leukaemia (n = 2 for parental 2M, n = 2 for 2M-R2, n = 3 for 2M-R3). b, c, Parental T-ALL 2M and resistant leukaemias were exposed to compound E (b) or GDC-0941 ± compound E (c) ex vivo for 48 h and proliferation was measured using an MTS assay. Each graph depicts percentage maximum MTS units and error bars show s.e.m. of three technical replicates. b, Resistant leukaemias R1–R4 (dashed lines) are less sensitive than the parental leukaemia (solid line) to compound E treatment. c, The additive effect of combining GDC-0941 with 0.1 μM compound E (dashed line) in the parental leukaemia (P) is absent in resistant leukaemias 2M-R1 and 2M-R3. d, Resistant leukaemias with insertions in Aph1a (2M-R1) and Notch1 (JW81-R5) have markedly lower NICD and Myc protein levels than the parental leukaemias (P).


Extended Data Figure 6 Increasing the concentration of GDC-0941 inhibits Akt phosphorylation in GDC-0941-resistant T-ALL.
Primary drug-resistant leukaemia cells were harvested from recipient mice and exposed to a range of GDC-0941 doses for 30 min (triangles; dose range 0–5.0 μM). Western blotting reveals higher basal levels of pAkt S473 in resistant leukaemias compared to the corresponding parental T-ALL. Higher doses of GDC-0941 were required to suppress pAkt levels in the resistant leukaemias.


Extended Data Figure 7 Notch1 modulates sensitivity to GDC-0941 in T-ALL cell lines.
a, b, Exposing PTEN-positive cell lines T-ALL 7, T-ALL 12 and PF382 to 0.1 and 1 μM of compound E (CE; a), and lines E2 and TIMI to 1 μM (b) consistently reduced (01. µM concentration) or eliminated (1 µM concentration) NICD expression and had variable effects on PTEN expression and pAkt S473 levels as assessed by western blotting. c, E2 and Jurkat T-ALL cell lines were treated with GDC-0941 (0941; triangles, 0.01, 0.1 and 1 μM) for 24 h. Western blotting indicates that GDC-0941 does not reduce NICD levels. The 1 µM dose of GDC-0941 induces extensive cell death in E2 cells as indicated by reduced actin. d, S1A, S49 and BW cells were transduced with a construct co-expressing NICD and GFP. Transduced cells were plated in varying doses of GDC-0941. After 3 days, numbers of viable GFP+ (green line) and GFP− cells (blue line) were counted by flow cytometry and equalized to DMSO control (% maximum). e, Exposing Jurkat cells to 0.1 or 1.0 μM compound E for 24 h resulted in a dose dependent reduction in NICD protein levels. f, Jurkat cells were exposed to a range of GDC-0941 concentrations with 0.1 µM compound E or control vehicle (DMSO) for 72 h and proliferation was measured by MTS assay. The addition of compound E significantly reduced the efficacy of GDC-0941 at multiple concentrations. g, Stable Jurkat clones expressing either control vector (MIG) or NICD were treated with GDC-0941 and compound E according to the same protocol in f. Note that enforced expression of NICD rescues the compound E-mediated growth inhibition. f, g, Error bars show s.e.m. of three technical replicates. Asterisks indicate significant differences (two-sided t-test, P values < 0.05).


Extended Data Table 1 Difference in median survival between drug-treated and vehicle-treated mice for 21 primary T-ALLsFull size table


Extended Data Table 2 Profile of retroviral insertion sites in parental leukaemias and resistant variantsFull size table


Extended Data Table 3 Primary T-ALL samples used for gene expression profilingFull size table
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        Editorial Summary
PI3K as therapeutic target
T-cell acute lymphoblastic leukaemia (T-ALL) is closely associated with mutations that deregulate Notch1 and Ras/phosphoinositide 3 kinase (PI3K) signalling. Kevin Shannon and colleagues show that treatment with GDC-0941 (pictilisib), a PI3K inhibitor that is advancing in clinical development, induces resistance associated with downregulation of activated Notch signalling, cross-resistance to γ-secretase inhibitors and upregulated PI3K signalling. Inhibition of Notch1 activates the PI3K pathway, suggesting that the rational strategy of concurrently targeting activated Notch1 and PI3K in T-ALL is likely to accelerate drug resistance.
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